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Abstract 
The process of fine coal agglomeration is a beneficiation technique that uses an organic liquid, such as, diesel, to agglomerate 
fine coal from an aqueous suspension of coal and mineral particles. The organic binding liquid is dispersed in the aqueous 
suspension through the application of agitation and selectively wets and agglomerates the hydrophobic coal particles. The 
hydrophilic mineral particles remain finely dispersed and, thus, the product coal agglomerates can be easily retrieved by passing 
the suspension over a screen. Fine coal agglomeration can achieve high quality beneficiation and allows for more effective 
dewatering of a fine coal feed. Regardless of these excellent capabilities, however, there are no industrial applications of this 
process. This is because the high cost of the oil makes the process economically unfeasible. Therefore, in this study a modified 
fine coal agglomeration process has been investigated in which the aim is to reduce the amount of organic liquid required in the 
process. The modification involves the use of a water-in-oil (W/O) emulsion as the immiscible binding liquid, replacing the 
conventional pure oil approach. A high internal phase (HIP) emulsion is used as it provides the interfacial functionality of the oil, 
while the space filling functionality is provided by the stabilised internal water droplets. In this study, an investigation into the 
kinetics of agglomeration of the modified process was undertaken. It was found that complete agglomeration of the carbonaceous 
material in the feed could be achieved by the emulsion binder in one third of the time required for a pure diesel binder. In 
addition, the improved kinetics were achieved by the emulsion binder at an organic liquid dosage of five-times less than required 
by a pure diesel binder.  
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1. Introduction 
The slurry of fine coal and mineral particles produced during the preparation of raw coal is difficult to process as 
the small size of the particles limits the efficiency of traditional gravity separation techniques [1]. Specialised coal 
cleaning circuits, involving froth flotation machines and gravity concentrators, may be implemented to recover fine 
coal. However, difficulties may still be encountered in the handleability, transportation and dewatering of the fine 
coal product [2]. In addition, not all coal may be suitable for treatment using existing technologies especially if there 
is a high proportion of clays or a large amount of ultra-fine (slimes) material present in the slurry [3, 4, 5]. In these 
cases, when the fine coal is too difficult or uneconomical to process, it is classified as a waste and disposed of in 
tailings ponds. Now, this disposal not only creates an environmental liability but represents a loss of valuable, high 
quality product that is better liberated than the coarser fractions of coal. Therefore, it would be advantageous, in a 
number of ways, if this fine fraction of particles could be efficiently processed, recovered and concentrated.  
 
As noted, the problems associated with the processing of fine coal are directly related to the small size of the 
individual particles. This means that if the particles were enlarged, they could be classified using a screen. Size 
enlargement of fine particles is possible via a number of methods including: cohesion/flocculation as a result of a 
reduction in the zeta potential, polymeric flocculation and, agglomeration through the addition of a second, 
immiscible binding liquid [1]. Of these methods, agglomeration is certainly the most suitable for fine coal as it has 
the ability to form a high quality, granular product, and achieve a partial displacement of the suspending liquid from 
the product coal; thus overcoming many of the difficulties faced in the processing of fine coal [6]. Agglomeration of 
fine coal is achieved through the addition of considerable amounts, 10- 20 wt% on a dry coal feed basis, of an 
immiscible binding liquid, usually oil, to the finely dispersed slurry [7]. Through the application of agitation, the oil 
selectively wets and agglomerates the hydrophobic coal and leaves the hydrophilic mineral matter finely dispersed. 
As a result of the large difference in sizes of the two materials, the product coal can then be easily retrieved using a 
screen or sieve bend.  
 
Agglomeration of fine coal presents many advantages over the other processing technologies available, and for 
this reason a number of coal preparation processes were developed which utilized this technique including: the Trent 
process [8], the Convertol process [9], the spherical agglomeration process [10] and the Otisca-T process [11]. 
However, effective as they were, none of the above technologies were successful in maintaining a long-term and 
viable application. As identified by various authors, all of these processes, along with all of the other attempts to 
implement a fine coal agglomeration process, were not successful as they suffered from poor economics which 
could not be reconciled [5, 12, 13]. More often than not, the cost of the oil was the prohibitive aspect of the process; 
however in some cases the capital costs were also too high. The conclusion, then, is that the agglomeration process 
must perform at much lower oil requirements, while not compromising on the product quality or structure [13]. This 
may seem like an unfeasible proposition as it is well know that to produce strong agglomerates there must be 
sufficient liquid present to completely fill the void spaces within the agglomerate such that capillary forces prevail 
[10]. Thus, while the volume of liquid binder cannot be reduced, the composition of the binder may be altered, while 
retaining its hydrophobicity. 
 
This work is concerned with an investigation into a new binder for the agglomeration of fine coal. The binder is a 
high internal phase (HIP) water-in-oil (W/O) emulsion. A high internal phase emulsion is one in which the dispersed 
phase has a volume fraction greater than 0.74, the maximum packing fraction of hexagonal close packed spheres [14, 
15]. Therefore, the internal, dispersed droplets are deformed and take the shape of polyhedra separated only by thin 
layers of the continuous phase, meaning that, HIP emulsions effectively have a liquid-in-liquid foam type structure 
[16]. As HIP emulsions are so highly concentrated with tightly packed water droplets, they can have very high 
viscosities and therefore usually behave more like gels, rather than liquids [17]. Another defining property, which 
was the basis for the selection of these emulsions for use in this work, is that an emulsion may be made almost 
entirely from one liquid but exhibit the surface properties of another liquid [16]. This property makes HIP emulsions 
suitable for use as a more “oil-efficient” binder in the agglomeration of coal as an emulsion can be made which 
consists almost entirely of water, yet still maintains the hydrophobic surface required, as oil forms the  
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Fig. 1: A comparison between pure oil and a water-in-oil HIP emulsion. Both containers contain the same volume of organic liquid. 
 
continuous phase. In other words, a considerable volume of hydrophobic material can be made from a small volume 
of oil. To further convey this idea, Fig. 1 displays two containers both of which contain hydrophobic substances. In 
the first container, in Fig. 1a, there is a small volume of pure diesel oil; an oil used commonly as the binder in the 
agglomeration of fine coal. In the second container, Fig. 1b, there is a relatively large volume of a HIP W/O 
emulsion which is made of water, oil and an emulsifier. It should be noted, that both containers contain the same 
volume of organic liquid.  
 
By comparing the two containers in Fig. 1, it can be seen that the small portion of oil has been extended to create 
a much greater volume of hydrophobic material. To be more precise, the emulsion pictured in Fig. 1b has an 
aqueous, dispersed phase volume fraction of 0.90, meaning that the organic phase occupies only 10% of the volume 
of the emulsion. Therefore if this emulsion was used as the binder in the agglomeration process it could potentially 
lead to a 10-fold reduction in the organic liquid required to achieve agglomeration. In saying that, however, this 
potential reduction is highly dependent upon the emulsion acting to agglomerate the fine coal in the same manner as 
pure oil. This is not an unreasonable proposition and early indications have shown that a HIP emulsion can 
agglomerate fine coal in a similar manner to pure oil [18]. However, some significant differences between the two 
binders were noted as a result of this work. One such difference, which will be explored in more detail in this paper, 
is that the emulsion binder appeared to exhibit different agglomeration kinetics than observed for the pure diesel 
binder.  
 
This paper describes an investigation of the kinetics of agglomeration when the HIP emulsion is used as the 
binder. A comparison is also made with the kinetics of agglomeration when a pure diesel binder is used. In each case, 
the agglomeration kinetics was investigated by considering the change in the size distribution of the feed with 
agitation time. Also, initially the influence of binder dosage on the yield achieved for each binder was investigated 
to establish the binder dosages required to achieve complete agglomeration at the operating and feed conditions used 
in this study.  
2. Experimental Methodology 
2.1 Materials 
 
Automotive diesel was sourced from a local fuel distribution centre and used to form the continuous phase in the 
emulsion binder. Agglomeration experiments were also completed in which the binder consisted only of the pure, as 
received, diesel oil. Tap water was used as the suspending liquid in the agglomeration experiments and as the 
dispersed phase of the emulsion binder. Sodium chloride, sourced from a local supermarket, was dissolved in the tap  
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Fig. 2: The size distribution of the coal feed. 
 
water used to form the disperse phase of the emulsions to improve the stability of the emulsion. The emulsifier used 
in the emulsion binder was an ethanolamine derivative of polyisobutylene and was used without any physical or 
chemical modification [19].  
 
A high quality Australian coking coal, sourced from the Lower Hunter Valley, was used throughout this study. 
The coal feed had a low mineral matter (ash%) content and a relatively high proportion of fine particles. The size 
distribution of the feed sample, analysed using laser diffraction, is presented in Fig. 2.  
 
2.1. Preparation of the high internal phase emulsion 
The emulsion binder was prepared fresh prior to each set of experiments from diesel, water and emulsifier. The 
emulsion was usually prepared in 300 g batches and always had a dispersed, aqueous phase volume fraction of 0.90.  
The aqueous phase of the emulsion always consisted of a 3 wt% aqueous sodium chloride solution. The continuous, 
organic phase made up the remaining 0.10 volume fraction of the emulsion and consisted of the diesel and the 
emulsifier. To prepare the emulsion binder, the organic components were added in equal parts to a stainless steel 
mixing bowl. The two components were then combined using a Russell Hobbs hand-held mixer (350 watt motor). 
The mixing was continued for 10 min while the relatively large volume of water was added to the organic phase. 
Care had to be taken during the incorporation of the water to ensure that phase inversion did not occur as a result of 
a large shift in the relative volume fractions of the two components. Therefore, the water was incorporated into the 
organic phase in increments, with the volume of each increment less than the total volume of the organic phase 
originally. As a result of the water addition, the mixture turned from a clear, orange liquid to an opaque, white, firm 
substance.  Galvin et al. [20] measured the viscosity of a W/O HIP emulsion with a dispersed phase volume fraction 
of 0.90, that is, an emulsion with the same composition and structure as the emulsion binder used in the study, and 
found it to be greater than 100 Pa s for highly refined emulsions. 
2.2. Agglomeration  
A number of agglomeration experiments were carried for the two different binders; pure diesel and the new 
emulsion binder. In each experiment 500 ml of coal slurry, with a solids concentration of 10 wt%, was placed in a 
1L glass mixing vessel. The glass mixing vessel was positioned on a Waring variable speed blender with the feed 
slurry pre-dispersed for 60 s. The binding liquid was then added to the slurry and the agitation continued at 12 000 
rpm for up to 150 s. At the completion of the mixing the agglomerated slurry was passed over a screen or series of 
512   Kim van Netten et al. /  Procedia Engineering  102 ( 2015 )  508 – 516 
screens. The agglomerated product coal would remain on top of the screen while the finely dispersed mineral matter 
would flow through the screen with the suspending liquid. The material on the screen was subjected to a thorough 
wash to remove any entrapped mineral matter. The samples were dried in an oven (set at 110 °C) and weighed. The 
yield was then calculated by taking the mass of agglomerated product retained on the screen as a fraction of the 
mass of the dry coal feed.  
3. Results and Discussions 
3.1. Influence of organic liquid dosage on yield 
The binder dosage required to completely agglomerate a given coal feed is highly dependent upon the properties 
of the coal feed. Therefore, an investigation into the influence of binder dosage on the yield was necessary, prior to 
the investigation into the agglomeration kinetics. Fig. 3 presents the influence of the organic liquid dosage on the 
yield for the pure diesel binder and the emulsion binder. The yield was defined as the mass of agglomerated product 
retained on a 355 μm screen as a fraction of the dry coal feed. The organic liquid dosage is defined as the mass of 
organic liquid in the binder as a percentage of the mass of the dry coal feed. The basis “organic liquid dosage” was 
used in order to direct the overall focus of this work onto the amount of organic liquid required. In saying that, 
however, it should be remembered that only a small fraction of the total mass of the emulsion binder is organic 
liquid, while the pure diesel binder is entirely organic liquid.  
 
As can be seen in Fig. 3, the data for the emulsion binder displays the same trend as that of the diesel binder.  
That is, the yield increases with increases in the organic liquid dosage up until a maximum yield of approximately 
90 wt%, after which a plateau in yield occurs. The dosage at which the maximum yield is achieved, and thus the 
plateau begins, indicates the minimum organic liquid dosage to fully agglomerate all of the carbonaceous material in 
the feed. In these cases, when there is sufficient binder present, the product comprises of large, discrete and strong 
agglomerates for both of the binders tested. At lower dosages, the product is a loosely flocculated structure and thus 
lower yields are experienced as the product is not easily recovered. The organic liquid dosage at which the plateau 
begins is approximately 4 wt% for the emulsion binder, whereas the plateau begins at approximately 20 wt% for the 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
Fig. 3: The influence of the organic liquid dosage (dry coal feed basis) on the yield for the pure diesel binder and the emulsion binder. 
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diesel binder. Therefore, through the use of the emulsion binder the organic liquid requirement has been reduced by 
a factor of five. In other words, the emulsion binder can fully agglomerate the coal feed used in this study with only 
one-fifth of the organic liquid that is required when a pure oil binder is used. It should be noted, that the agitation 
times used in these experiments were 45 s and 150 s for the emulsion binder and the diesel binder, respectively.  
These times were established qualitatively in some preliminary experiments (not shown here) as the optimal 
agitation times for achieving the maximum yield.  However, the rationale as to why the agitation times for each 
binder had to be different was lacking and as such an investigation into the kinetics of agglomeration was carried out.  
3.2. Kinetics of agglomeration 
The kinetics of agglomeration of the two binders was investigated by passing the agglomerated slurry over a 
series of screens with aperture sizes, 150 μm and 355 μm. By calculating the yield, i.e. the mass percentage of solids 
which remained on the screen, for each screen size, an approximate measure of the growth of the agglomerates 
could be attained.  Presented in Fig. 4(a-c) are the results for the size fractions investigated which were – 150 μm, 
+150-355 μm and +355 μm.  The -150 μm size fraction was measured to display the kinetics of agglomeration (i.e. 
the collection) of the ultra-fine fraction of feed. Whereas, the +355 μm size fraction measured the growth of large 
agglomerates, as the aperture size was larger than the top size of the feed originally and, was three times larger than 
the d50 of the feed. Also, consequently, the +150-355 μm size range was used to present the growth in the 
intermediate size range. It should be noted, that sufficient binding liquid was present in each case such that, if time 
permitted, complete agglomeration of the coal would occur. Therefore, the organic liquid dosage for the emulsion 
binder was 4.5 wt% (based on the dry coal feed) and the dosage was 20 wt% for the pure diesel binder.  
 
By firstly considering Fig. 4a, it can be seen that the general trend for both binders is similar and indicates that 
the ultra-fine fraction of the feed is collected very quickly as the fraction of the particles in the slurry that are less 
than 150 μm in size rapidly falls to a minimum value within the first 40 s of agitation. This minimum value 
represents the mass fraction of the ultra-fine hydrophilic mineral particles in the feed which are not wetted by 
hydrophobic binders and thus, remain finely dispersed in the slurry.  
 
Fig. 4b presents the changes in the size fraction of +150-355 μm (greater than 150 μm and less than 355 μm in 
size) particles of the slurry. In this size fraction, it can be seen that the results for the two binders are markedly 
different. Initially, the results for the diesel binder exhibit an increase in the mass of particles in this size range. This 
increase continues until 60 s after which the mass of particles in the +150-355 μm range rapidly falls. After 120 s of 
agitation, there is only a small fraction of particles remaining in this size fraction for the diesel binder, indicating 
that the majority of the agglomerates are greater than 355 μm in size. This can be compared to the results for the 
emulsion binder which, initially, show a rapid decrease in the mass of particles within the size range of +150-355 
μm. This decrease continues until 40 s, at which time there are almost no particles within this size range as the 
agglomerates have grown to a size in excess of 355 μm. However, after 40s, the mass of particles within the +150-
355 μm size range increases again, indicating that the agglomerates have reduced in size to a diameter that is less 
than 355 μm. 
 
Finally, Fig. 4c, displays the changes in the mass fraction of the +355 μm (greater than 355 μm) agglomerates in 
the slurry. It can be seen that when the diesel binder is used, the growth of large (+355 μm) agglomerates is, initially, 
quite slow. However, during this time it has been seen that growth was occurring in the fine fraction of the feed. 
After 60 s, a period of rapid growth begins and it may be suggested that at this time the finely agglomerated fine 
material began to consolidate into larger, discrete agglomerates. At the conclusion of the period of rapid growth, at 
120 s, the mass fraction in the +355 μm range reaches a plateau as all of the carbonaceous material in the feed has 
been collected and formed into large, recoverable agglomerates. Overall, the results for the pure diesel binder 
compare well with previous studies on the agglomeration kinetics of fine particles in suspension. As similar to 
previous works by authors such as Bemer [21] and Blandin, et al. [22], these results appear to display three different 
stages of growth: a period of wetting and flocculation (< 40 s), in which no considerable growth of  
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Fig. 4: The change in the mass percentage of particles within the a) -150 μm size fraction b) +150 – 355 μm size fraction and c) +355 μm size 
fraction with time for a diesel binder (■) and the emulsion binder (♦).  
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agglomerates occurs; a period of rapid and substantial growth (40 s – 120 s) which is indicated by the rapid increase 
in the mass fraction for agglomerates + 355 μm; and finally, a plateau in the mass of +355 μm agglomerates after 
120 s of agitation.   
 
Now, by considering the results for the emulsion binder in Fig. 4c, it can be seen that the curve is, once again, 
different to that presented for pure diesel in the same figure. In the case of the emulsion binder, it appears that large 
agglomerates (+ 355 μm) start to form almost instantly and the mass fraction of agglomerates that are greater than 
355 μm in size increases rapidly, such that all of the carbonaceous material has been formed into agglomerates +355 
μm within 40 s, i.e. in one-third of the time required when the pure diesel binder was used. However, a decrease in 
the mass fraction of agglomerates in this size range can be observed after 40 s which continues until 80 s, after 
which no further decreases are observed in the time period studied. Therefore, these agglomerates have somehow 
been reduced in size such that they fall back into the size fraction of +150-355 μm; a process which is not observed 
for the pure diesel binder. 
  
 The agglomeration behaviour of the emulsion binder is clearly different to that displayed by the pure diesel 
binder and it has been considered that this difference may be partially attributable to the difference in the viscosities 
of the two binders. The diesel binder is a low viscosity liquid, whereas the emulsion binder is an ultra-high viscosity 
liquid/gel and it is, therefore, logical to assume that such a significant difference in their rheological properties 
would affect their behaviour in the aqueous, turbulent system of the agglomeration process. The role of binder 
viscosity in the kinetics of agglomeration in suspension has not been investigated in the past. However, the role of 
binder viscosity in granulation systems has been considered extensively and comparisons between the granulation 
and agglomeration in suspension have been shown to be valid to a certain extent [22, 23, and 24]. In granulation, it 
has been shown that the viscosity of the binder affects both the growth rate and the mechanism of size enlargement 
as the viscosity influences the extent to which kinetic energy is dissipated during particle-particle collisions in the 
presence of binder [23]. In addition, Rough et al. [24] showed that in granulation using an ultra-high viscosity binder, 
growth of particles can begin to occur instantaneously and proceed rapidly, as similar to the results observed for the 
emulsion binder, as the particles tend to stick to the surface of the high viscosity binder globules created by the 
impeller.  
 
Therefore, the viscosity of the emulsion binder may explain the rapidity with which the large agglomerates are 
formed, however it may not adequately explain why a significant decrease in the fraction of +355 μm agglomerates 
is observed for extended agitation times (>40 s). A process which is observed in granulation is the compaction of the 
agglomerates as a result of continued collisions with the impeller, vessel walls and, other agglomerates [24]. 
However, in granulation, the process of compaction is always associated with continued growth of agglomerates 
through coalescence; as the binder migrates to the surface of the agglomerate [24]. This continued growth has not 
been observed in this work and therefore consolidation of the agglomerates may not be the reason for the observed 
reduction of the large (+355 μm) agglomerates at extended mixing times. Another possible explanation, however, is 
that the emulsion binder degrades, or breaks down, within the aqueous, turbulent environment of the agglomeration 
process as a result of extended agitation. Degradation, or breakdown, of the emulsion would result in a decrease in 
the mass fraction of large agglomerates as there would no longer be sufficient binder present to maintain their 
structural integrity. At this point, the occurrence of binder degradation cannot be confirmed and as such, a more 
detailed study is required. Indeed, a more detailed study would be beneficial to consider all the processes occurring 
when the emulsion binder is used to agglomerate fine coal in suspension as the mechanisms of agglomeration appear 
to be quite different to when a pure oil binder is used.   
4. Conclusions 
Experimental studies investigating the agglomeration of fine coal in suspension have shown that a W/O HIP 
emulsion binder can agglomerate coal with one-fifth of the organic liquid required when a pure diesel binder is used. 
In addition, a study into the kinetics of agglomeration for the two different binders revealed that the emulsion binder 
can agglomerate coal in one-third of the time required by a pure diesel binder. This considerable difference in 
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agglomeration kinetics between the two binders was attributed to their differing viscosities and thus, mechanisms by 
which they agglomerate the fine coal. A more detailed study is required to further explore the agglomeration 
mechanisms for the emulsion binder. 
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